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ABSTRACT
We present observations of the four hyperfine structure components of the OH 18
cm transition (1612, 1665, 1667 and 1720 MHz) toward Heiles Cloud 2 (HCL2) in
Taurus and the dense cores L183 and L169. Toward the peculiar straight structure in
the northern part of HCL2, the 1720 MHz line shows absorption against the cosmic
microwave background at a velocity of ∼ 5.5 km s−1, whereas the 1612 MHz line shows
brighter emission than expected in local thermodynamic equilibrium (LTE). Such an
intensity anomaly is also observed toward TMC-1 (CP), L183, and L169, where the 1612
MHz line is stronger and the 1720 MHz line is weaker than those expected under LTE.
We conduct statistical equilibrium calculations considering the effect of far-infrared
(FIR) radiation from surrounding clouds and find that the absorption feature of the
1720 MHz line can be reproduced by the following conditions: gas kinetic temperature
lower than about 30 K, OH column density higher than 1015 cm−2, H2 density lower
than 103 cm−3, and an ortho-to-para ratio of H2 lower than 1. Therefore, the absorption
feature of the 1720 MHz line is considered to trace relatively cold and dense gas that is
surrounded by a warm envelope consisting of CO-dark molecular gas.
Keywords: ISM: molecules - ISM: individual objects (Taurus) - ISM: individual objects
(HCL2) - ISM: individual objects (L183) - ISM: individual objects (L169)
1. INTRODUCTION
The 18 cm transition of the hydroxyl radical (OH) has been a unique probe of diffuse and
dense interstellar clouds, late-type stars, and external galaxies (e.g. Harju et al. 2000; Caswell 2004;
Hoffman et al. 2005; Wolak et al. 2012; Darling & Giovanelli 2002). It is the Λ-type doubling transi-
tion in the ground rotational state (J = 3/2 in 2Π3/2). Due to the nuclear spin of the proton, the OH
18 cm transition is split into four hyperfine component lines, as shown in Figure 1. In the interstellar
medium, the relative population of the four hyperfine structure (hfs) levels often deviates from the
values attained in local thermodynamic equilibrium (LTE). This is caused by collisional/radiative ex-
citation to the rotationally excited states and subsequent de-excitation to the ground rotational state
(Elitzur 1976; van Langevelde et al. 1995). Hence the relative intensities of the four hfs component
lines at 1612, 1665, 1667, and 1720 MHz differ from the intrinsic intensity ratio of 1 : 5 : 9 : 1. In
extreme cases, some of these hfs component lines display maser emission (Gundermann et al. 1965;
Weaver et al. 1965; Cohen 1995). Moreover, the 1612 and 1720 MHz lines (called satellite lines) may
appear in absorption and emission, respectively, toward sources with bright continuum emission.
This is known as so-called “conjugate” behavior (van Langevelde et al. 1995; Weisberg et al. 2005;
Kanekar et al. 2004).
Recently, we have shown that the above anomaly of hyperfine intensities can be used as an effective
thermometer of molecular clouds over a wide range of H2 density (Ebisawa et al. 2015). According to
our statistical equilibrium calculations for OH, the 1612 MHz line is observed in absorption against
the cosmic microwave background (CMB) for the gas kinetic temperatures of 40 K or higher. The
1720 MHz line intensity shows the conjugate behavior to the 1612 MHz line, and its intensity is higher
than that expected under LTE conditions. This behavior is almost independent of the H2 density
from 102 to 106 cm−3. Indeed, the anomaly of the 1612 MHz and 1720 MHz lines was observed
with the Effelsberg 100 m radio telescope toward the east part of Heiles Cloud 2 (HCL2E), the dark
cloud L183, and the ρ-Ophiuchi molecular cloud. This allowed accurate determinations of gas kinetic
temperatures. For instance, the temperature is evaluated to be 53 ± 1 K toward HCL2E. In ρ-
Ophiuchi, the temperature tends to be lower for more distant positions from the nearby illuminating
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star HD147889. Thus, the OH 18 cm transition can be used to trace a new class of warm molecular
gas surrounding a molecular cloud that is not well traced by emission of CO and its isotopologues
(i.e., so-called CO-dark molecular gas).
In the course of our survey of the OH 18 cm transition toward various molecular clouds, we noticed
another type of the hyperfine anomaly. Toward the cold dark cloud L183, the 1612 MHz line is
brighter than the 1720 MHz line. This behavior is opposite to the above hyperfine anomaly. The
same trend was pointed out in the north part of TMC-1 ridge by Harju et al. (2000). Most notably,
we have found an absorption feature in the 1720 MHz line and bright emission in the 1612 MHz line
toward the north end of HCL2. Recently, Xu et al. (2016) also reported the same anomaly in the
northern part of HCL2 with the Arecibo 300 m telescope. Such an anomaly cannot be reproduced
by our statistical equilibrium calculations mentioned above. It is predicted to be caused by far-
infrared (FIR) pumping of the OH molecules to the second rotationally excited level, as discussed
by Harju et al. (2000) and Elitzur et al. (1976). For a comprehensive understanding of the hyperfine
anomaly of the OH 18 cm transitions based on the non-LTE excitation calculation, here we investigate
the anomaly by incorporating the effect of the far-infrared pumping.
2. OBSERVATIONS
We observed four positions in Heiles Cloud 2 (HCL2) (Figure 2) and the cold dark cloud L183/L169
(Figure 3) in the OH 18 cm transition with the Effelsberg 100 m telescope of the Max-Planck-Institut
fu¨r Radioastronomie (MPIfR) in 2013 and 2016 October. For our observations, the 18 cm/21 cm
prime focus receiver was used, whose system noise temperature was about 20 K. The full-width-
half-maximum beam size is 8.2′. The telescope pointing was maintained to be better than 20′′, by
observing nearby continuum sources. The facility Fast Fourier Transform Spectrometer (FFTS) was
employed as the back end; it has an instantaneous bandwidth of 100 MHz with a frequency resolution
of 3.5 kHz. This corresponds to a velocity resolution of 0.56 km s−1 at 1667 MHz. We observed the
four hfs components of the OH 18 cm transition with two frequency settings, where the 1612 MHz
and 1720 MHz lines were separately observed. The 1665 MHz and 1667 MHz lines were observed in
both frequency settings. We used the frequency-switching mode with the frequency offset of 0.1 MHz.
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We hereafter use main beam brightness temperature (TMB) as an intensity scale, which is calculated
from the antenna temperature assuming a main beam efficiency of 0.65. The rms (root-mean-square)
noise levels of the observed spectra are about 8–16 mK.
3. RESULTS
Figure 4 shows the spectra of the OH 18 cm transition observed on the straight structure in the
north part of HCL2 (Narayanan et al. 2008; Goldsmith et al. 2010), which we call TMC-1FN (Figure
2). These spectra are best explained by three Gaussian profiles centered on VLSR=5.5 km s
−1, 6.5 km
s−1, and 8.2 km s−1, respectively. The line parameters are summarized in Table 1. The 1612 MHz line
appears in absorption in the red-shifted component (VLSR=8.2 km s
−1), whereas it shows emission in
the blue-shifted component (VLSR=5.5 km s
−1). It is very faint in the central component (VLSR=6.5
km s−1). The absorption feature of the red-shifted component traces warm gas with a gas kinetic
temperature higher than 40 K, according to our statistical equilibrium calculations (Ebisawa et al.
2015). On the other hand, the absorption feature of the 1720 MHz line is observed in the blue-shifted
component. The conjugate behavior of these satellite lines in the two velocity components is clearly
seen in Figure 5, in which the spectra of the 1612 MHz and the 1720 MHz lines are overlaid with
each other. The 1612 MHz and 1720 MHz lines show absorption and bright emission, respectively,
in the red-shifted component, whereas they show the opposite in the blue-shifted component. We
performed additional statistical equilibrium calculations (Ebisawa et al. 2015), but the 1720 MHz line
absorption could not be reproduced in spite of an extensive parameter search. Although Xu et al.
(2016) reported the absorption feature of the 1720 MHz line on the straight structure of HCL2 located
in the northwest of TMC-1FN, they could not reproduce it with non-LTE radiative transfer model
calculation, either.
A similar hfs intensity anomaly is also observed near the cold starless core TMC-1(CP) in HCL2
(Figure 2). Figures 6–8 show the observed spectra of the OH 18 cm transition toward three positions
located 24′, 16′, and 8′ north from TMC-1(CP), respectively, as indicated in Figure 2. The 1612 MHz
line is observed in faint emission or slight absorption for the red-shifted component (VLSR=6–10 km
s−1), suggesting that this velocity component traces warm gas. On the other hand, the 1720 MHz line
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is much fainter than the 1612 MHz line for the blue-shifted component (VLSR ∼ 5 km s−1), although
these two lines should have the same intensity in LTE (I1612 : I1665 : I1667 : I1720 = 1 : 5 : 9 : 1).
Harju et al. (2000) also reported that the 1720 MHz line is fainter than the 1612 MHz line toward the
north part of TMC-1 ridge. Again, this anomalous feature could not be reproduced with our statistical
equilibrium calculation without considering FIR pumping. Figure 9 (left) shows the observed OH
spectra toward L183 (Figure 3), which we already reported in our previous paper (Ebisawa et al.
2015). The 1720 MHz line is slightly weaker than the 1612 MHz line toward L183. This feature is
more evident in the dense core L169, which is adjacent to L183 (Figure 3). As shown in Figure 9
(right), the 1720 MHz line is totally absent toward L169, whereas the 1612 MHz line shows bright
emission. An intensity ratio of the 1612 MHz line to the 1667 MHz line is about 1/3, which is three
times higher than the expected value of 1/9 in LTE. The line parameters are summarized in Table 1.
As described above, the 1720 MHz line absorption (or its faint emission) and the enhanced 1612
MHz line emission are observed toward several sources. Thus, revealing the origin of this anomaly
is important for a full understanding of the excitation mechanism of OH. For this purpose, here we
investigate the effect of far-infrared pumping of OH.
4. EFFECT OF FIR PUMPING
The hyperfine intensity anomaly is caused by the excitation and de-excitation between the rota-
tionally excited states and the ground state, as schematically illustrated in Figure 10. Emission from
the first rotationally excited state (J = 5/2 of 2Π3/2) to the ground state (J = 3/2 of
2Π3/2) produces
an overpopulation in the F = 2 levels in the ground state due to the selection rule, as described in
Figure 10 (left). This anomalous population decreases the excitation temperature of the 1612 MHz
line and increases that of the 1720 MHz line. This leads to the 1612 MHz line absorption against
the CMB. On the other hand, emission from the second rotationally excited state (J = 1/2 of 2Π1/2)
to the ground state levels works in the opposite way (Figure 10, right). In this case, F = 1 levels in
the ground state are overpopulated, increasing the excitation temperature of the 1612 MHz line and
decreasing that of the 1720 MHz line. Thus the 1720 MHz line can appear in absorption if this trend
is strong. In different parts of the ISM, both processes may occur with different contributions, but
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the collisional excitation with H2 to the first rotationally excited state levels is more efficient than
that to the second rotationally excited state. The first effect is therefore dominant, producing the
absorption of the 1612 MHz line.
Nevertheless, the second effect can be dominant, if FIR pumping to the 2Π1/2 J = 3/2 and
2Π1/2
J = 5/2 states at wavelengths of 53 µm and 35 µm, respectively, is efficient. Most of the OH
molecules excited to these states radiatively decay to the 2Π1/2 J = 1/2 state by subsequent rotational
transitions within the 2Π1/2 ladder, as represented by magenta arrows in Figure 10. This is because
the spontaneous emission rates of the transitions within the 2Π1/2 ladder are typically one order of
magnitude higher than those of the inter-ladder transitions between the 2Π1/2 and
2Π3/2 states. Then,
rotational transitions from the 2Π1/2 J = 1/2 state to the rotational ground state might produce the
1720 MHz line absorption, as described before. It should be noted that the direct FIR pumping from
the 2Π3/2 J = 3/2 ground state to the
2Π1/2 J = 1/2 state at 80 µm does not contribute to the
population anomaly, because the subsequent radiative de-excitation back to the ground state occurs
under the same selection rules as the FIR pumping. These mechanisms are indeed confirmed by our
simulations, as described in Section 4.1.4.
The effect of FIR pumping on the excitation of OH was studied by Elitzur et al. (1976). These
authors showed that the 1612 MHz line becomes stronger and will display maser emission in extreme
cases, particularly in the dusty envelopes of stars, so-called OH-IR stars. They reported that the
1612 MHz maser can be explained by the FIR pumping to the 2Π1/2 J = 5/2 state by 35 µm photons
emitted from warm dust grains (Td = 100–200 K). While no bright infrared source is associated
with our observed sources, the FIR radiation from dust grains in surrounding warm clouds would
contribute to the pumping to the 2Π1/2 ladder. Therefore, we incorporate the effect of the FIR
radiation into our statistical equilibrium calculations to examine whether we can explain the 1720
MHz line absorption , and to constrain the physical conditions in the OH bearing clouds.
In addition, we consider line overlaps by following the formulation of Guilloteau et al. (1981). They
incorporated line overlaps of the far-infrared OH rotational transitions in their statistical equilibrium
calculations, assuming a uniform condition in a spherical cloud, and reported that the pumping effect
6
due to the overlaps well explains the intensities of strong OH masers found in the dense envelopes of
compact HII regions.
4.1. Statistical equilibrium calculation considering the FIR pumping effect
4.1.1. Formulation
We incorporate the pumping effect by the FIR radiation from dust grains into our statistical
equilibrium calculation (Ebisawa et al. 2015) in a similar way to that reported by Elitzur et al. (1976).
We also consider the effect of line overlaps approximately, as described by Guilloteau et al. (1981).
The statistical equilibrium takes the form
d(gini)
dt
=
∑
j>i
{
gjβjiAji
[
nj −
(
Rji +R
d
ji
)
(ni − nj)
]
+
∑
k=(uk,lk)
(
gjAjiP(ji),(uklk)nj − gukAuklkP(uklk),(ji)nuk
)
+ gjCji
[
nj − ni exp
(
− hνji
kbTk
)]}
−
∑
i>j
{
giβijAij
[
ni −
(
Rij +R
d
ij
)
(nj − ni)
]
+
∑
k=(uk,lk)
(
giAijP(ij),(uklk)ni − gukAuklkP(uklk),(ij)nuk
)
+ giCij
[
ni − nj exp
(
− hνij
kbTk
)]}
=0, (1)
where Tk, kb, and h are the gas kinetic temperature, the Boltzmann constant, and the Planck constant,
respectively. ni and gi represent the population and the degeneracy of the energy level i of OH,
respectively. Aij , Cij, and νij are the Einstein A coefficient, the collisional rate, and the frequency of
the transition, respectively, between the levels i and j; k = (uk, lk) in the second and fifth terms of
Equation (1) denotes summation over all transitions of OH, whereas j in the first and fourth terms
of Equation (1) represents summation over all levels. Rij stands for the photon occupation number
of the cosmic microwave background (CMB) radiation at the frequency of the transition between the
levels i and j as
Rij=
1
exp (hνij/kbTCMB)− 1
, (2)
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where TCMB equals 2.73 K.
Rdij is the photon occupation number of the dust FIR radiation at the frequency of the transition
between the levels i and j. We examine two models for the derivation of Rdij . First, we assume that
the dust grains emit gray-body radiation of dust temperature Td and spectral index βd. In this case,
Rdij can be written as
Rdij=
(
ν
ν160
)βd η
exp (hνij/kbTd)− 1
, (3)
where η is a dilution factor of the dust thermal radiation. It is derived from the estimated intensity
of the FIR radiation at 160 µm (I160) divided by the intensity of the blackbody radiation (times ν
βd)
at this wavelength. We perform the calculation for βd values from 0 to 3. Although a higher value of
βd gives a better fit to the observed spectra, there is no significant dependence on βd as long as it is
higher than 2. Therefore, βd is assumed to be 2, which has been reported as a typical value for the
diffuse ISM (e.g. Boulanger et al. 1996).
Second, we use DustEM to model the dust emission (Compie`gne et al. 2011) ( https://www.ias.u-
psud.fr/DUSTEM/index.html) in order to derive Rdij. We employ the DustEM version calculated
by Jones et al. (2013). As shown later, the FIR emission predicted by the DustEM model better
reproduces the 1720 MHz line absorption of OH than the gray-body approximation, although it
depends on the dust temperature.
βij in the first and fourth terms of Equation (1) denotes the photon escape probability of the
transition between the levels i and j. P(ij),(kl) is the probability that a photon emitted in the transition
between the levels i and j is absorbed by that between the levels k and l, which represents the effect
of the line overlaps. We follow the formulation of βij and P(ij),(kl) introduced by Guilloteau et al.
(1981).
4.1.2. FIR model
The FIR pumping effect is incorporated by using the DustEM model by Jones et al. (2013) and
the gray-body profile. In the DustEM model, the interstellar radiation field (ISRF) strength and the
H column density are given as the parameters. We employ the ISRF strength of 0.4 G0, because
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it best explains the shape of SED observed toward TMC-1FN (Flagey et al. 2009) among the ISRF
values from 0.1 G0 to 1.0 G0 at a 0.1 G0 interval (red solid line in Figure 11). Here G0 stands for
a scaling factor of the UV field with respect to the flux in the Habing field (Habing 1968). The H
column density is also determined to be 1.5 × 1022 cm−2. However, we use the H column density of
3 × 1023 cm−2 in the fiducial DustEM model for the statistical equilibrium calculations by scaling
the FIR intensity by a factor of 20 (red dotted line in Figure 11) so that the 1720 MHz absorption
is reproduced. Apparently, this H column density is too high for the line-of-sight value by one order
of magnitude. We will discuss this point later in Section 4.2.1. In the gray-body model, the dust
temperature (Td) and the dilution factor (η) are estimated to be 15 K and 0.003, respectively, by
fitting the above DustEM model for the H column density of 1.5 × 1022 cm−2 (blue solid line in
Figure 11). As in the case for the fiducial DustEM model, this gray-body profile is multiplied by a
factor of 20 (blue dotted line), which is employed in our statistical equilibrium calculations.
It should be noted that the observed intensities at 25, 60 and 70 µm are slightly higher than those
expected by the gray-body. Although the discrepancy is marginal in Figure 11, it is more evident in
the mean SED of Taurus molecular cloud complex averaged over a 44 deg2 area including TMC-1FN
(Flagey et al. 2009). As shown in the solid red line in Figure 11, the DustEM model well reproduces
the excess feature at shorter wavelengths compared to the gray-body. The FIR intensities at 35,
53 and 120 µm are predicted to be 2.2, 3.3 and 48 MJy sr−1, respectively, by the DustEM model
for the solid red line of Figure 11, while they are predicted to be 8.5 × 10−5, 0.1 and 42 MJy sr−1,
respectively, with the gray-body for the solid blue line of Figure 11. Namely, the FIR intensities
calculated by the DustEM model at 35 and 53 µm relative to the 120 µm intensity are 2 × 104
and 29 times larger, respectively, compared to those calculated by the gray-body model. Higher
intensities in the 35 µm and 53 µm contribute to more efficient pumpings to the 2Π1/2 J = 5/2 and
2Π1/2 J = 3/2 states, respectively, which leads to the 1720 MHz line absorption, as described in
Section 4.
4.1.3. Condition for the 1720 MHz line absorption
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Figure 12 shows the intensities of the 1612 MHz line (color) and the 1720 MHz line (contours)
derived from our statistical equilibrium calculation in the N(OH) – Tk plane. The FIR pumping
effect is treated with the DustEM model by Jones et al. (2013) assuming an ISRF strength of 0.4 G0
and an H column density of 3 × 1023 cm−2 (red dotted line of Figure 11). The H2 density is assumed
to be 103 cm−3 as a representative value. The H2 ortho-to-para ratio is assumed to be 0 and 3 in
the left and right panels, respectively. Dependencies on these parameters are described later. The
linewidth is assumed to be a typical observed value of 1.0 km s−1.
Dashed contours in Figure 12 represent absorption of the 1720 MHz line, whereas the blue colored
region corresponds to absorption of the 1612 MHz line. As shown in Figure 12 (left), the case for
which the emission in the 1612 MHz line is stronger than that in the 1720 MHz line can be reproduced
for parameters contained in the area approximately enclosed by the dotted lines. Namely, an OH
column density higher than∼1015 cm−2 and a gas kinetic temperature lower than∼30 K are necessary
if the H2 ortho-to-para ratio is 0. A higher OH column density (N(OH) > 3 × 1015 cm−2) is required
to reproduce the 1720 MHz line absorption, as represented by the white solid lines. The reason why
such a high column density is needed for the 1720 MHz line absorption is that the transitions from
the second rotationally excited state to the ground state must be optically thick in order to produce
the anomalous population by the mechanism described in Figure 10. Assuming an H2 density of 10
3
cm−3 and an OH column density of 3 × 1015 cm−2, the fractional abundance of OH is estimated to
be 10−6, which is an order of magnitude higher than the typical value of the fractional abundance
in diffuse clouds (Wiesemeyer et al. 2012). However, the fractional abundance of OH is enhanced in
the shocked gas, and it can reach values as high as ∼ 5 × 10−5 according to Draine & Katz (1986).
Hence the 1720 MHz line could appear in absorption in such an OH-rich gas that experienced the
shock. It should be noted that the case in which the 1720 MHz line is weaker than the 1612 MHz
line can be reproduced, even with a typical OH fractional abundance of 10−7.
Intensities of the 1612 MHz and the 1720 MHz lines are determined to be ∼1–4 K and −(0.1–0.4)
K within the solid circle in Figure 12 (left), which are about one order of magnitude stronger than
those observed toward TMC-1FN (Figure 4). It can be explained by the beam-dilution effect with a
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beam filling factor of ∼0.1, a plausible value since the 1720 MHz line absorption traces a relatively
cold and dense structure, as shown in the following subsections.
For an H2 ortho-to-para ratio of 3 (Figure 12, right), the 1720 MHz line absorption is reproduced
for an OH column density of 1015 cm−2 or higher and a gas kinetic temperature of 40 K or higher
(white circle in Figure 12, right). This absorption feature is the result of line overlaps, as shown
later in Section 4.1.4. In particular, line overlaps between the transitions from the first rotationally
excited state to the ground rotational state play an important role, where the overlaps between the
two transitions from the first rotationally excited state to the F = 2 levels in the ground rotational
state —that is, transitions marked (6, 2) and (5, 2), and (8, 4) and (7, 4) in Table 2— are significant.
Here, a typical observed linewidth of 1.0 km s−1 is considered. In this situation, the transitions to
the F = 2 levels can be readily saturated, while those to the F = 1 levels are not. Hence, the F = 1
levels in the ground rotational state are relatively overpopulated, which makes the 1720 MHz line
weaker. The 1720 MHz line can appear in absorption, if this trend is strong.
It should be noted that the line overlaps among the transitions from the second rotationally excited
state to the ground state do not seriously contribute to the hfs anomaly. For instance, the overlap
between transitions (10, 1) and (9, 1), which we hereafter term the (10, 1)–(9, 1) overlap, produces
the overpopulation in the level 2 (F = 2) in the ground rotational state. It makes the 1720 MHz line
brighter. However, this overpopulation is less effective than the overpopulation in the level 1 (F = 1)
produced by the contribution of the first rotationally excited state, i.e., the (6, 2)–(5, 2) overlap.
This is because the former overpopulation is suppressed by the (10, 2)–(10, 1) and (10, 2)–(9, 1)
overlaps. Such a phenomenon also occurs in the other overlaps, and eventually the contribution of
the line overlaps among the transitions from the second rotationally excited state to the anomaly is
limited.
The collisional excitations to the first rotationally excited state occur more efficiently with a higher
gas kinetic temperature and a higher H2 ortho-to-para ratio. In addition, transitions from the first
rotational excited states to the ground rotational state must be optically thick in order to produce
the anomalous population by the above mechanism. Hence, a high OH column density (> 1015 cm−2)
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and a high gas kinetic temperature (> 40 K) are required to reproduce the absorption feature of the
1720 MHz line (Figure 12, right). However, the 1612 MHz line is much brighter than the 1665 MHz
line when the 1720 MHz line appears in absorption for an H2 ortho-to-para ratio of 3, as shown in
Figure 25 of Appendix A, which is inconsistent with the observation. Therefore, we assume an H2
ortho-to-para ratio of 0, an OH column density of 3 × 1015 cm−2, and a gas kinetic temperature of 20
K (Figure 12, left) for our fiducial model in the following sections. Results for an H2 ortho-to-para
ratio of 3 and an OH column density of 3 × 1014 cm−2 are presented in Appendix A, for reference.
4.1.4. Dependence on FIR intensity and mechanism of the 1720 MHz absorption
Figure 13 shows the calculated intensities of the OH 18 cm transition as a function of the gas
kinetic temperature for the three cases of the FIR intensity. As noted above, the OH column density
and the H2 ortho-to-para ratio are assumed to be 3×1015 cm−2 and 0, respectively. The effect of the
line overlaps is not considered in the left panels (a)–(c), whereas it is considered in the right panels
(d)–(f). No FIR radiation is assumed to be present in the calculations illustrated in the top panels
((a) and (d)), whereas the gray-body approximation with a dust temperature of 15 K applies for
the middle panels ((b) and (e)). The FIR radiation calculated by the DustEM (Jones et al. 2013) is
employed in the bottom panels ((c) and (f)). An ISRF strength of 0.4 G0 and an H column density
of 3 × 1023 cm−2 are assumed for the fiducial DustEM model, same as assumed for Figure 12.
As shown in Figure 13 (f), the 1720 MHz line absorption and the 1612 MHz line emission are
reproduced by the fiducial DustEM model considering the effect of the line overlaps for gas kinetic
temperatures lower than 30 K, which is consistent with the results in Section 4.1.3 (see the orange
area of Figure 13 (f)). The effect of the line overlaps produces a weaker 1720 MHz line, which is
clearly seen by comparing the left ((a), (b), (c)) and right ((d), (e), (f)) panels of Figure 13. All the
four hfs lines of OH appear in absorption for gas kinetic temperatures higher than about 30 K. In
contrast to the fiducial DustEM model, the absorption only in the 1720 MHz line is not reproduced
by the model employing the gray-body approximation ((b) and (e)), although the 1720 MHz line
becomes weaker than for the calculations assuming no FIR radiation ((a) and (d)). This is because
the excitation to the 2Π1/2 J = 3/2 and
2Π1/2 J = 5/2 states via FIR radiation is more efficient in
12
the DustEM model than in the gray-body model, due to an excess of the FIR radiation at shorter
wavelengths in the DustEM model, as described in Section 4.1.2 (Figure 11).
In order to confirm this, we conduct the additional statistical equilibrium calculations assuming
the same conditions of Figure 13 (f), but also applying an artificial wavelength threshold (λth) for
the FIR radiation, where no FIR radiation is assumed for wavelengths shorter than λth. Figures
14 (a)–(d) show the results with λth values of 60, 50, 30 and 0 µm, respectively. The panel (d) of
Figure 14 (λth=0 µm) is the same as the panel (f) of Figure 13. In the case of the λth of 60 µm
(a), neither the 53 µm nor the 35 µm pumping effect is included, and hence, the 1720 MHz line
absorption is not reproduced. On the other hand, the 1720 MHz line becomes very faint with a gas
kinetic temperature lower than 30 K in the panel (b) (λth=50 µm). This is caused by the effect of
53 µm pumping, although the absorption feature is not reproduced. The intensity of the 1720 MHz
line is further decreased by the contribution from the 35 µm pumping effect in the panel (c) (λth=30
µm), and the absorption feature is reproduced. The calculated OH hfs intensities in the panel (c) are
almost comparable to those in the panel (d) (λth=0 µm). Therefore, the 1720 MHz line absorption
can be explained by the FIR pumping effect in 53 µm and 35 µm, according to Figure 14.
Figure 15 summarizes the above results as a function of the intensity of the FIR radiation at 160
µm (I160) for four combinations of an OH column density and a gas kinetic temperature. We employ
the I160 as a representative value to scale the FIR intensity, since the observed SED is the strongest
at this wavelength. It should be noted that the I160 is estimated to be 1.4 × 103 MJy sr−1 with the
fiducial DustEM model assuming an ISRF of 0.4 G0 and an H column density of 3 × 1023 cm−2 (red
dotted line in Figure 11). The H2 ortho-to-para ratio is set to be 0 for the gas kinetic temperature of
20 K, while it is set to be 3 for the temperature of 60 K. The H2 density is assumed to be 10
3 cm−3.
The DustEM model is applied for the FIR radiation, and the effect of the overlaps is considered. As
shown in Figure 15, the effect of the FIR radiation is pronounced for two parameter combinations:
high OH column density (3 × 1015 cm−2) together with low gas kinetic temperature (20 K) (panel
(a)), and low OH column density (3 × 1014 cm−2) and high gas kinetic temperature (60 K) (panel
(d)). The 1720 MHz line becomes weaker and the 1612 MHz line becomes stronger for increasing FIR
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radiation intensity in both cases. In the former case, the 1720 MHz line appears in absorption for an
FIR intensity larger than 103 MJy sr−1 (Figure 15 (a)). Note that the 1720 MHz line absorption is
also reproduced for Tk=60 K and N(OH)=3×1015 cm−2 (panel (b)). This absorption is considered
to be caused by the effect of the line overlaps through the mechanism explained in Section 4.1.3, as
the intensities of the OH 18 cm transition are insensitive to the FIR intensity (Figure 15 (b)).
In our previous paper (Ebisawa et al. 2015), we reported that the OH 18 cm transition can be used
as a thermometer for diffuse (N(OH)∼1014 cm−2) and warm (Tk∼50 K) molecular gas. As shown
in Figure 15 (d), the effect of the FIR radiation is negligible for an 160 µm FIR intensity lower
than about 102 MJy sr−1 under diffuse warm gas conditions (Tk=60 K, N(OH)=3×1014 cm−2). On
the other hand, the absolute intensity of the 1612 MHz line absorption is decreased by ∼50% for
I160 = 500 MJy sr
−1. This decrease of the 1612 MHz line intensity can cause a systematic error of ∼10
K in the gas kinetic temperature derived from our statistical equilibrium calculations, assuming no
FIR radiation. Hence, information on the accurate FIR intensity is necessary in order to determine
the gas kinetic temperature precisely, if I160 is higher than 10
2 MJy sr−1. Nevertheless, OH can
still be used to explore a relative temperature structure of a cloud. The 1612 MHz line absorption
disappears for I160 larger than 4 × 103 MJy sr−1, suggesting that the OH 18 cm transition cannot
be used as a thermometer for clouds with such strong FIR radiation fields.
4.1.5. Dependence on H2 density
Figure 16 shows the calculated intensities of the OH 18 cm transition as a function of the H2 density,
where contributions of the FIR radiation in panels (a)–(f) are the same as those in Figure 13. Here,
the OH column density, the gas kinetic temperature, and the H2 ortho-to-para ratio are assumed to
be 3 × 1015 cm−2, 20 K, and 0, respectively. According to Figures 16 (e) and (f), the absorption
of the 1720 MHz line is reproduced for an H2 density lower than 10 and 10
3 cm−3, respectively.
The H2 density is required to be sufficiently low for FIR pumping to be effective, because collisional
excitations with H2 become dominant over the FIR pumping as the H2 density increases. When the
effect of the line overlaps is not considered (Figure 16 (c)), the 1720 MHz line is actually much weaker
than the 1612 MHz line, but it shows a faint emission. When the effect of line overlaps and the FIR
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radiation assuming the gray-body are considered (Figure 16 (e)), the 1612, 1665, and 1667 MHz lines
also show absorption for the H2 density lower than 10 cm
−3. On the other hand, the absorption only
for the 1720 MHz line is reproduced for H2 densities between 10
2 and 103 cm−3, by the DustEM FIR
model, assuming the line overlaps (Figure 16 (f)).
Figure 17 shows the intensity of the 1720 MHz line in the n(H2)–I160 plane. Here, the OH column
density, the gas kinetic temperature, and the H2 ortho-to-para ratio are assumed to be 3 × 1015
cm−2, 20 K, and 0, respectively (fiducial model). The DustEM model is employed for including the
FIR radiation. The yellow dotted line represents the boundary between emission (red color) and
absorption (blue color) of the 1720 MHz line, revealing that the threshold value of the H2 density
increases with stronger FIR radiation (Figure 17). This trend is reasonable, as the FIR pumping
effect must be dominant over the collisional excitations with H2 in order to produce the 1720 MHz
line absorption. According to Figure 17, the absorption feature of the 1720 MHz line requires an H2
density of ∼103 cm−3 or lower for I160 of 103 MJy sr−1, whereas it requires an H2 density of ∼102
cm−3 or lower for I160 of 10
2 MJy sr−1.
4.1.6. Dependence on H2 ortho-to-para ratio
Figure 18 shows the calculated intensities of the OH 18 cm hfs lines as a function of the H2 ortho-
to-para ratio for a gas kinetic temperature of 20 K. An H2 density and the column density of OH
are assumed to be 103 cm−3 and 3 × 1015 cm−2, respectively. The ISRF strength and the H column
density for the DustEM model are assumed to be 0.4 G0 and 3 × 1023 cm−2, respectively. The
effect of line overlaps is considered. According to Figure 18, the 1720 MHz line gradually becomes
weaker as the H2 ortho-to-para ratio becomes lower. The H2 ortho-to-para ratio of ∼ 0 is necessary
to reproduce the 1720 MHz line absorption, if the H2 density is 10
3 cm−3.
4.1.7. Summary of this section
According to our new statistical equilibrium calculations that include effects of the FIR pumping
and the line overlaps, the absorption feature of the 1720 MHz line can be reproduced when the OH
column density is high (> 1015 cm−2) , the gas kinetic temperature is low (< 30 K), and the H2
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ortho-to-para ratio is low (∼0) (Figure 12, left). The H2 density is also required to be lower than
103 cm−3 when the ISRF strength and the H column density are assumed to be 0.4 G0 and 3 ×
1023 cm−2, respectively, in the DustEM model (Jones et al. 2013). The upper limit of the H2 density
becomes higher for stronger FIR radiation. On the other hand, effects of the FIR pumping and the
line overlaps are negligible for an OH column density lower than ∼ 1015 cm−2 and FIR intensity at
160 µm lower than ∼ 102 MJy sr−1. The absorption feature of the 1612 MHz line disappears with the
FIR intensity at 160 µm higher than 4 × 103 MJy sr−1. Nevertheless, the OH 18 cm transition can
still be used as a thermometer of a diffuse warm gas, as suggested by Ebisawa et al. (2015), unless
such a strong FIR field (I160 > 5 × 103 MJy sr−1) is present.
The absorption feature of the 1720 MHz line is also reproduced with a high column density (>
1015 cm−2), a high gas kinetic temperature (> 40 K), and the H2 ortho-to-para ratio of 3 (Figure 12,
right). However, the 1612 MHz line emission is too strong compared to the observed intensities in
this case.
We have employed the collisional rate coefficients of OH reported by Offer et al. (1994) in our
statistical equilibrium calculations. Recently, K los et al. (2017) reported new collisional rate coeffi-
cients, although the hyperfine structure of OH was not considered. We obtained hfs-resolved rate
coefficients by private communication (from Dr. Franc¸ois Lique), which are approximately calculated
from these fine structure rate coefficients by using the M-J random method (K los et al. 2017). In
order to examine the robustness of our statistical equilibrium calculations described in the previous
subsections, we also conducted the calculations by using these collisional rate coefficients. The results
are presented in Appendix B. Even with these collisional rate coefficients, the essential features of our
results on the hfs intensity anomaly do not change significantly. Thus, uncertainties of the collisional
rate coefficients are considered to have a limited effect on the results of the hfs intensity anomalies
of the OH 18 cm transition.
4.2. Fitting the observed spectra
We compare our new model with the spectra of the OH 18 cm transition observed toward TMC-
1FN, TMC-1(CP), L183, and L169. Since the 8.2 km s−1 and 6.5 km s−1 components of TMC-1FN
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and the ∼ 6.4 km s−1 component of TMC-1 (CP) show absorption or faint emission in the 1612 MHz
line, they are expected to trace warm molecular gas (Ebisawa et al. 2015). Hence, we determined
the gas kinetic temperature and the OH column density for these components (Table 3) assuming an
H2 density of 10
3 cm−3. On the other hand, the 5.5 km s−1 component of TMC-1FN, the ∼ 5.4 km
s−1 component of TMC-1 (CP), L183, and L169 show absorption or faint emission of the 1720 MHz
line, and hence, they likely trace cold dense regions.
4.2.1. TMC-1FN
The 1720 MHz line absorption is detected with ∼3 σ confidence level toward TMC-1FN. To explain
this feature, the FIR intensity of ∼ 103 MJy sr−1 at 160 µm is necessary according to our new statisti-
cal equilibrium calculations. This is stronger by one order of magnitude than the value observed with
Spitzer (80–120 MJy sr−1) according to Flagey et al. (2009). In order to explain this, we assess the
geometrical effect of a filamentary structure, for which the FIR intensity inside might be enhanced.
Assuming that the filament is a cylinder with a Plummer-like density profile (Malinen et al. 2012),
the FIR intensity inside the filament can be three to four times stronger than the observed value.
Details of the calculation are described in Appendix C. A further factor of two to three necessary to
explain the 1720 MHz absorption might be explained by contributions from a filamentary structure
in the northwest of TMC-1FN (Xu et al. 2016), another filament near TMC-1 (CP) (Figure 2), or by
diffuse gas extended in the southwestern part of HCL2 (Figure 2). However, contributions from other
filamentary structures might be small compared to the contribution from the nearest filament, as they
occupy a smaller solid angle than the nearest filament. In addition, contributions from the extended
gas component are limited, considering that the observed FIR intensity of this component is com-
parable to that observed in TMC-1FN. Approximations employed in the calculations—in particular,
neglect of the velocity gradient in the treatment of the line overlap (Guilloteau et al. 1981)— may
also contribute to this discrepancy. Contributions from non-local line overlaps (Cesaroni & Walmsley
1991; Elitzur et al. 1976) caused by the velocity gradient within the cloud might explain more efficient
FIR pumping, although quantitative analysis on this effect is rather difficult.
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For the 8.2 km s−1 component, the gas kinetic temperature and the OH column density are de-
termined to be 70 ± 3 K and (1.4 ± 0.4) × 1014 cm−2, respectively, where the H2 density and the
ortho-to-para ratio are assumed to be 103 cm−3 and 3, respectively. For the 6.5 km s−1 component,
the gas kinetic temperature and the OH column density are determined to be 30 ± 3 K and (3.6
± 0.3) × 1014 cm−2, respectively. An H2 ortho-to-para ratio of 0.1 provides the best fit, although
it cannot be constrained by the fitting procedure. For the 5.5 km s−1 component, the gas kinetic
temperature and the OH column density are estimated to be lower than 30 K, and higher than 1015
cm−2, respectively, in order to reproduce the 1720 MHz line absorption according to our statistical
equilibrium analysis.
Figure 19 shows the spectrum of the 1667 MHz line of OH observed toward TMC-1FNwith the 13CO
(J = 1 − 0) and C18O (J = 1 − 0) line spectra observed toward the same position with NRO 45-m
telescope (Sunada & Kitamura 1999). The 13CO and C18O line profiles are prepared by averaging
these lines’ spectra over the beam size of the OH 18 cm transition. As shown in Figure 19, the 8.2
km s−1 component, which is clearly seen in OH, is not detected in both 13CO and C18O. On the
other hand, the 6.5 km s−1 component is clearly seen in 13CO and C18O, while the C18O emission
is prominent for the 5.5 km s−1 component. These results suggest that the 8.2 km s−1 component
traces diffuse warm gas that cannot readily be traced by 13CO, whereas the 5.5 km s−1 component
traces relatively cold and dense gas also traced by C18O. The 6.5 km s−1 component appears to trace
gas at intermediate temperature and density between these two structures. This picture is consistent
with the derived gas kinetic temperatures and the H2 ortho-to-para ratio (Table 3). In fact, the
gas kinetic temperature should be higher in the outer part of the cloud, which produces a deeper
absorption feature of the 1612 MHz line and brighter 1720 MHz emission. Since the higher VLSR
components tend to trace a warmer part of the cloud in TMC-1FN (Table 3), the observed spectra
of OH seem to reflect the cloud structure with the increasing gas kinetic temperature toward cloud
peripheries as does the increasing VLSR.
Figure 2 shows the integrated intensity maps of C18O (J=1–0) (cyan contours) and 13CO (J=1–0)
(color) observed with the NRO 45-m telescope for the entire region of HCL2 (Sunada & Kitamura
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1999). A prominent straight structure is seen in the northern part of HCL2 in the C18O map, which
also has been pointed out by Narayanan et al. (2008) and Goldsmith et al. (2010). Interestingly, the
velocity of the blue-shifted component detected in the OH 18 cm transition (VLSR ∼ 5.5 km s−1)
corresponds to that of C18O exhibiting the straight structure, whereas the velocity of the red-shifted
component seen in OH (VLSR ∼ 6–10 km s−1) corresponds to that of the southwestern extended gas in
the 13CO map. These two structures are interfacing with each other, suggesting a compressive motion
as the origin of the straight structure (Figure 20). Such a compressive motion is consistent with the
decreasing velocity from southwest to northeast across the straight structure observed in 13CO and
C18O. In addition, the existence of an [H I] cloud in the northeast of TMC-1FN is suggested by the
archival data of The Galactic Arecibo L-band Feed Array HI (GALFA-HI) Survey maps (Peek et al.
2011). Furthermore, the 6–10 km s−1 component traces a diffuse warm gas, whereas the 5.5 km s−1
component traces a cold and dense core illuminated by the FIR radiation from dust grains, according
to our statistical equilibrium calculation. It is likely that the 5.5 km s−1 component traces cold cores
surrounded by the warm envelope gas in HCL2.
The 6.5 and 8.2 km s−1 components show the 1612 MHz line absorption, in spite of the FIR
pumping effect seen in the 5.5 km s−1 component. This can be explained by the above picture of
TMC-1FN (Figure 20). A warm envelope gas traced by the 6.5 and 8.2 km s−1 components is likely
to be illuminated by fainter FIR radiation than the gas traced by the 5.5 km s−1 component. The
OH column density for the 6.5 and 8.2 km s−1 components is also lower. According to the results in
Appendix C, the FIR intensity at 160 µm is estimated to be ∼400 and 100 MJy sr−1 at positions 0.5
and 1.0 pc distant from the center of the TMC-1FN filament, respectively. The OH column densities
are determined to be 3.6 × 1014 cm−2 and 1.4 × 1014 cm−2 for the 6.5 and 8.2 km s−1 components,
respectively (Table 3). As described in Section 4.1.7, our calculation shows that the FIR pumping
effect is negligible for an OH column density lower than 1015 cm−2 and I160 lower than 100 MJy sr
−1.
On the other hand, the 1612 MHz line indeed appears in absorption for I160 lower than 4 × 103 MJy
sr−1, if the OH column density is 3 × 1014 cm−2 (Figure 15 (d)). Hence, even though there might
be a moderate FIR field (∼ 103 MJy sr−1), the 1612 MHz line absorption in the 6.5 and 8.2 km s−1
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components can be reproduced as long as the OH column density is lower than ∼ 1015 cm−2. In this
case, the intensities of the 1612 and 1720 MHz lines are slightly affected by the FIR pumping effect
(Figure 15).
4.2.2. TMC-1 (CP)
The OH spectra toward TMC-1 (CP) consists of the two components (5.36–5.59 km s−1 and 6.34–
6.62 km s−1), as mentioned in Section 3. The gas kinetic temperature is determined to be about
40 K for the red-shifted component (6.34–6.62 km s−1 component), which shows weak emission or
absorption of the 1612 MHz line. On the other hand, the gas kinetic temperature is considered to
be lower than 30 K for the blue-shifted component (5.36–5.59 km s−1), according to the DustEM
model considering the effect of the line overlaps. The FIR intensity is assumed to be 1.4 × 103 MJy
sr−1 at 160 µm. However, only an upper limit to the gas kinetic temperature can be determined,
because of the limited signal-to-noise ratio. The derived parameters for the red-shifted components
are summarized in Table 3.
4.2.3. L183 and L169
As shown in Figure 9, the 1720 MHz line shows weak emission in L183, and it is totally absent in
L169. From these results, the gas kinetic temperature is estimated to be lower than 30 K according
to our statistical equilibrium calculations that include FIR pumping (Figure 12). The gas kinetic
temperature of 30 K is lower than values determined for positions 8′ and 16′ south from L183 in our
previous paper (Ebisawa et al. 2015) (33 K and 57 K, respectively). Previous studies have shown that
there is a dense core in the northern part of L183, which is traced in the NH3 line (cross position in
Figure 3) (Swade 1989; Dickens et al. 2000). A rather diffuse molecular cloud seen in 13CO emission
is extended toward its southern part (Laureijs et al. 1995; Lehtinen et al. 2003). Thus the increase
of the gas kinetic temperature toward the southern peripheries in L183 indicates that photoelectric
heating by interstellar UV radiation is less effective in the core position.
5. SUMMARY
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We have shown that the absorption feature of the 1720 MHz line of the OH 18 cm transition can be
reproduced by taking account of the effect of pumping of FIR radiation from dust grains. We have
developed a statistical equilibrium calculation code considering the effects of the FIR radiation and
line overlaps, and have investigated the origin of the 1720 MHz line absorption. As a result, the 1720
MHz absorption is found to trace a dense (N(OH) > 1015 cm−2) and cold (Tk < 30 K) core illuminated
by relatively strong FIR radiation from dust grains in surrounding clouds. On the other hand, we
have confirmed that the absorption feature of the 1612 MHz line can be used to determine the gas
kinetic temperature of the diffuse warm gas for a wide range of an H2 density, even in the presence of
the FIR radiation. Toward TMC-1FN and TMC-1(CP), the gas kinetic temperature is determined
to be 30–70 K for the red-shifted component, whereas it is lower than ∼ 30 K for the blue-shifted
component, in which the 1720 MHz line is seen in absorption. Combined analyses of OH, 13CO, and
C18O suggest that the peculiar straight structure in HCL2 is likely formed by the compression of the
warm envelope gas in southwestern direction. Hence, its unique characteristics, combined with the
excitation calculations, make the quartet of the hfs lines of the OH 18 cm transition a new probe to
study molecular cloud formation and a tracer of CO-dark molecular gas.
Nevertheless, we still have a shortage of the FIR intensity by a factor of two to three in order to
fully reproduce the 1720 MHz absorption, even if we consider the filamentary structure of the cloud.
This contradiction might be explained by contributions from extended gas and other filaments, and
effect of non-local line overlaps. Since quantitative analyses of these effects are rather difficult, they
will be explored in future works.
However, this study has clarified the mechanism of the observed 1720 MHz absorption in molecular
clouds and its physical meaning, and we believe that it will be a stiff base for such future studies. A
full understanding of the hyperfine anomalies of the OH 18 cm transition is essentially important for
future observational studies of OH using the Five-hundred-meter Aperture Spherical Radio Telescope
(FAST) and Square Kilometre Array (SKA).
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Table 1. Observed Line Parameters
Source R.A. Decl. VLSR ∆V T1612 T1665 T1667 T1720
(2000) (2000) (km s−1) (km s−1) (K) (K) (K) (K)
TMC-1CP(0′, 24′) 04h41m42s.88 +26◦05′27′′.0 5.44(2) 1.55(5) 0.14(1) 0.29(1) 0.50(1) -0.01(1)
6.62(30) 3.67(39) 0.009(8) 0.067(12) 0.054(13) 0.045(9)
TMC-1CP(0′, 16′) 04h41m42s.88 +25◦57′27′′.0 5.36(2) 1.47(8) 0.12(1) 0.24(2) 0.44(2) -0.025(16)
6.35(21) 3.37(26) -0.011(10) 0.11(1) 0.11(2) 0.042(10)
TMC-1CP(0′, 8′) 04h41m42s.88 +25◦49′27′′.0 5.59(2) 1.65(8) 0.16(1) 0.27(3) 0.49(3) -0.049(22)
6.34(15) 3.07(18) -0.029(13) 0.15(2) 0.16(3) 0.088 (15)
TMC-1FN 04h39m37s.66 +26◦33′27′′.0 5.46(2) 1.41(3) 0.12(1) 0.20(1) 0.36(1) -0.032(7)
(TMC-1CP(-28′, 52′)) 6.51(5) 1.54(11) 0.000(7) 0.15(1) 0.087(13) 0.068(5)
8.16(7) 1.85(15) -0.047(4) 0.026(4) 0.076(4) 0.026(4)
L183 15h54m00s.54 -02◦51′48′′.5 2.47(1) 1.37(2) 0.12(1) 0.41(1) 0.68(1) 0.073(8)
L169 15h51m00s.21 -03◦26′48′′.5 3.53(2) 1.70(5) 0.079(6) 0.15(1) 0.27(1) 0.001(6)
Note—Intensities of the four hfs components of OH (T1612, T1665, T1667, T1720), linewidth (∆V ) and VLSR are obtained by a Gaussian fit,
assuming that the ∆V and VLSR values of the four hfs components are the same for each observed position. The error in the parentheses
represents one standard deviation.
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Table 2. Velocity separation between
the hyperfine structure components of the
J = 5/2, 2Π3/2 – J = 3/2,
2Π3/2 transitions
of OH (top), and that between hfs compo-
nents of the J = 1/2, 2Π1/2 – J = 3/2,
2Π3/2 transitions (bottom). Levels in the
first and second columns are represented in
Figure 10.
transition 1 transition 2 dV
(level1, level2) (level1, level2) (km/s)
(6, 2) (5, 2) 1.6
(6, 2) (5, 1) 4.7
(5, 2) (5, 1) 6.3
(8, 4) (7, 4) 2.1
(8, 4) (7, 3) 4.4
(7, 4) (7, 3) 6.5
(10, 2) (10, 1) 4.2
(10, 2) (9, 1) 3.0
(10, 1) (9, 1) 1.2
(12, 4) (12, 3) 4.4
(12, 4) (11, 3) 2.8
(12, 3) (11, 3) 7.1
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Table 3. Best fit parameters determined by our statistical equilibrium
calculation.
Source VLSR n(H2) Tk N(OH) o/p
(km/s) (cm−3) (K) (cm−2)
TMC-1CP(0′, 24′) 6.62 103(fixed) 31(1) 5.1(14) × 1014 0.1(fixed)
TMC-1CP(0′, 16′) 6.35 103(fixed) 35(1) 5.0(4) × 1014 0.3(fixed)
TMC-1CP(0′, 8′) 6.34 103(fixed) 43(1) 5.6(3) × 1014 0.7(fixed)
TMC-1FN 6.51 103(fixed) 30(3) 3.6(3) × 1014 0.1(fixed)
8.16 103(fixed) 70(3) 1.4(4) × 1014 3.0(fixed)
Note—We derived the OH column density and the gas kinetic temperature
for the 6.5 km s−1 and the 8.2 km s−1 components of TMC-1FN, and the ∼
6.4 km s−1 component of TMC-1 (CP), where the H2 ortho-to-para ratio has
been changed from 0 to 3 with a 0.05 interval, and is fixed to the value that
gives the best-fit result. The error in the parentheses represents one standard
deviation. The VLSR corresponds to those in Table 1.
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Figure 1. Rotational energy level structure of OH. The display of the fine and hyperfine structure levels is
schematic, and the separations of the split energy levels are not drawn to scale.
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TMC-1FN
TMC-1(CP)
1pc
Figure 2. Integrated intensity map of C18O (J=1–0) (5.15 km s−1 < VLSR < 5.45 km s
−1; contours) and
13CO (J=1–0) (6.45 km s−1 < VLSR < 6.95 km s
−1; color) observed toward HCL2 (Sunada & Kitamura
1999). Circles represent the positions observed in OH, and their diameter corresponds to the FWHM of the
Effelsberg 100 m telescope.
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Figure 3. Contours show the integrated intensity map of 13CO (J=1-0) toward L183 reported by
Laureijs et al. (1995). The two circles represent the observed position in OH. The cross marks the posi-
tion of the NH3 core of L183 (L134N) indicated by Laureijs et al. (1995).
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Figure 4. (Left) Observed spectra of the OH 18 cm transition toward TMC-1FN. Three times the rms
noise of each spectrum is represented in the top right. (Right) The best-fit Gaussian profiles obtained by
assuming three velocity components shown by blue, green, and red lines, whose central velocities are 5.5,
6.5, and 8.2 km s−1, respectively. Magenta lines show the sum of these three velocity components.
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Figure 5. The 1612 MHz (solid) and the 1720 MHz (dashed) line spectra observed toward TMC-1FN.
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Figure 6. (Left) Observed spectra of the OH 18 cm transition toward 24′ north from TMC-1(CP). Three
times the rms noise of each spectrum is represented in the top right. (Right) The best-fit Gaussian profiles
obtained by assuming two velocity components are shown by blue and red lines, whose central velocities are
5.4 and 6.6 km s−1, respectively. Magenta lines show the sum of these three velocity components.
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Figure 7. (Left) Observed spectra of the OH 18 cm transition toward 16′ north from TMC-1(CP). Three
times the rms noise of each spectrum is represented in the top right. (Right) The best-fit Gaussian profiles
obtained by assuming two velocity components are shown by blue and red lines, whose central velocities are
5.4 and 6.4 km s−1, respectively. Magenta lines show the sum of these three velocity components.
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Figure 8. (Left) Observed spectra of the OH 18 cm transition toward 8′ north from TMC-1(CP). Three
times the rms noise of each spectrum is represented in the top right. (Right) The best-fit Gaussian profiles
obtained by assuming two velocity components are shown by blue and red lines, whose central velocities are
5.6 and 6.3 km s−1, respectively. Magenta lines show the sum of these three velocity components.
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Figure 9. Observed spectra of the OH 18 cm transition toward L183 (left) and L169 (right). Three times
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Figure 10. Schematic illustrations of the intensity anomaly of the OH 18 cm transition. (left) The transition
from the first rotationally excited state to the ground state levels causes overpopulation in the F = 2 levels
in the ground state, and the 1612 MHz line becomes weaker than expected under LTE. The 1720 MHz
line becomes brighter at the same time. (right) The transition from the second rotationally excited state
to the ground state levels works in the opposite way, and the F = 1 levels of the ground state become
overpopulated. The 1720 MHz line and the 1612 MHz line become weaker and brighter, respectively, in this
case. The populations in the second rotationally excited state levels can be enhanced by the FIR pumping
from the ground state levels to the 2Π1/2 J = 3/2 and
2Π1/2 J = 5/2 state levels at wavelengths of 53
and 35 µm, respectively. The OH molecules are de-excited to the second rotationally excited state by the
subsequent spontaneous emission, as represented by magenta arrows.
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Figure 11. (Cross) Intensities of the mid- and far-infrared radiation observed toward TMC-1FN. The
intensities are taken from Spitzer 70 and 160 µm maps by Flagey et al. (2009), IRAS 25, 60 and 100 µm
maps by Flagey et al. (2009), and Herschel 250, 350 and 500 µm archival data with observation IDs of
1342202252 and 1342202253. (Solid red line) The best-fitting DustEM (Jones et al. 2013) profile assuming
the ISRF of 0.4 G0, which gives the best-fitting result among the ISRF values from 0.1 G0 to 1.0 G0 at a 0.1
G0 interval. (Solid blue line) The gray-body profile that best explains the above DustEM model, assuming
β of 2. The dust temperature (Td) is determined to be 15 K. The observed intensities in 25, 60, and 70
µm are stronger than those estimated by the gray-body, whereas they are well reproduced by the DustEM
model. The best-fitting DustEM and gray-body profiles are scaled by a factor of ∼20, and are employed
in our statistical equilibrium calculations for the fiducial models, as shown by red and blue dotted lines,
respectively. In Figures 15 and 17, this scaling is represented by the flux at 160 µm.
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Figure 12. Intensities of the 1612 MHz line (color) and the 1720 MHz line (yellow contours) on the
N(OH)–Tk plane derived from our statistical equilibrium calculation, considering the effect of the FIR
radiation. (Left) The H2 ortho-to-para ratios is assumed to be 0. Contour levels are shown for the 1720
MHz line intensity from -2.4 to 0.2 K with 0.2 K interval. Dashed contours correspond to negative brightness
temperatures of the 1720 MHz line. The 1720 MHz line absorption and the bright emission of the 1612 MHz
line can be reproduced for N(OH) > 3 × 1015 cm−2 and Tk < 30 K (white solid circled area). The case
when the 1720 MHz line is brighter than the 1612 MHz line can be reproduced for N(OH) > 1015 cm−2
and Tk < 30 K (white dotted circled area). (right) The H2 ortho-to-para ratios is assumed to be 3. Contour
levels are shown for the 1720 MHz line intensity from -0.8 K to 1.0 K with 0.2 K interval. The 1720 MHz
line absorption and the bright emission of the 1612 MHz line can be reproduced for N(OH) > 2 × 1015
cm−2 and Tk > 40 K (white circled area).
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Figure 13. Intensities of the hfs lines of the OH 18 cm transition as a function of the gas kinetic temperature,
where the H2 density, the OH column density, and the ortho-to-para ratio of H2 are assumed to be 10
3 cm−3,
3 × 1015 cm−2, and 0, respectively. The effect of line overlaps is not considered in the left panels (a)–(c),
whereas it is considered in the right panels (d)–(f). The FIR radiation is not considered in the top panels
(a) and (d), whereas the gray-body approximation with the dust temperature of 15 K is applied in the
middle panels (b) and (e). The FIR radiation calculated by the fiducial DustEM model (Jones et al. 2013)
is employed in the bottom panels (c) and (f). The orange area in the panel (f) represents the region where
the 1720 MHz line appears in absorption and the other three lines show emission.
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Figure 14. Intensities of the hfs lines of the OH 18 cm transition as a function of the gas kinetic temperature,
derived by introducing the artificial thresholds for the shortest wavelength in the fiducial DustEM model
(Jones et al. 2013), where the H2 density, the OH column density, and the ortho-to-para ratio of H2 are
assumed to be 103, 3 × 1015 cm−2, and 0, respectively. Models assumed in each panel (a)–(d) are the same
as those in Figure 13 (f) except for the FIR field. The threshold (λth) is (a) 60 µm, (b) 50 µm, (c) 30 µm.
No FIR radiation is assumed at the wavelength shorter than the threshold. Panel (a) is the same as the
panel (f) of Figure 13.
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Figure 15. Intensities of the hfs lines of the OH 18 cm transition as a function of the intensity of the
dust thermal emission at 160 µm (I160) derived from our statistical equilibrium calculation. I160 is used as
a parameter to scale the FIR intensity profile of the DustEM model (Figure 11). The dotted lines show
I160 for the fiducial DustEM model, while the dashed lines show I160 observed toward TMC-1FN. The H2
density is assumed to be 103 cm−3. The column density of OH is assumed to be 3 × 1015 cm−2 (left) or 3
× 1014 cm−2 (right). The gas kinetic temperature and H2 ortho-to-para ratio are assumed to be 20 K and
0, respectively, in the top panels, whereas they are assumed to be 60 K and 3, respectively, in the bottom
panels.
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Figure 16. Intensities of the hfs lines of the OH 18 cm transition as a function of the H2 density, where
the OH column density, the gas kinetic temperature, and the ortho-to-para ratio of H2 are assumed to be
3 × 1015 cm−2, 20 K, and 0, respectively. Models assumed in each panel (a)–(f) are the same as those in
Figure 13. The cyan areas in the panels (e) and (f) represent the region where the 1720 MHz line appears
in absorption.
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Figure 17. Intensity of the 1720 MHz line on the I160–n(H2) plane derived from our statistical equilibrium
calculation considering the effect of the FIR radiation and line overlaps. I160 is used as a parameter to scale
the FIR intensity profile of the DustEM model (Figure 11). A blue colored area corresponds to negative
brightness temperatures of the 1720 MHz line. The yellow dashed line represents a 1720 MHz line intensity
of 0 K. The FIR intensity at 160 µm (I160) stronger than ∼ 102 MJy sr−1 is necessary to reproduce the 1720
MHz line absorption with the H2 density of 10
2 cm−3. I160 stronger than 10
3 MJy sr−1 is needed with the
H2 density of 10
3 cm−3.
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Figure 18. Intensities of the hfs lines of the OH 18 cm transition as a function of the H2 ortho-to-para
ratio, where the H2 density, the gas kinetic temperature and the column density of OH are assumed to be
103 cm−3, 20 K, and 3 × 1015 cm−2, respectively.
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Figure 19. Spectra for the 1667 MHz (black) hfs line of the OH 18 cm transition, the 13CO (J = 1− 0)
line (red) and the C18O (J = 1− 0) line (blue) observed toward TMC-1FN (Figure 2). The 13CO and C18O
lines are averaged over the beam size of the OH 18 cm transition, as revealed by the white circle in Figure
2. Dashed lines show the velocities of the three components (5.5 km s−1, 6.5 km s−1, and 8.2 km s−1).
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Figure 20. Schematic illustration of the cross section of TMC-1FN along the line-of-sight. The cold (∼
20 K) and a dense core (5 km s−1) is formed by compressive motion of the extended warm gas (6–10 km
s−1). We observe the source from the right hand side.
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Figure 21. Intensities of the hfs lines of the OH 18 cm transition as a function of the gas kinetic temperature,
where the H2 density, the OH column density, and the ortho-to-para ratio of H2 are assumed to be 10
3 cm−3,
3 × 1014 cm−2, and 0, respectively. Models assumed in each panel (a)–(f) are the same as those in Figure
13.
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Figure 22. Intensities of the hfs lines of the OH 18 cm transition as a function of the gas kinetic temperature,
where the H2 density, the OH column density, and the ortho-to-para ratio of H2 are assumed to be 10
3 cm−3,
3 × 1014 cm−2, and 3, respectively. Models assumed in each panel (a)–(f) are the same as those in Figure
13.
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Figure 23. Intensities of the hfs lines of the OH 18 cm transition as a function of the H2 density, where the
OH column density, the gas kinetic temperature, and the ortho-to-para ratio of H2 are assumed to be 3 ×
1014 cm−2, 20 K, and 0, respectively. Models assumed in each panel (a)–(f) are the same as those in Figure
13.
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Figure 24. Intensities of the hfs lines of the OH 18 cm transition as a function of the H2 density, where the
OH column density, the gas kinetic temperature, and the ortho-to-para ratio of H2 are assumed to be 3 ×
1014 cm−2, 20 K, and 3, respectively. Models assumed in each panel (a)–(f) are the same as those in Figure
13.
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Figure 25. Intensities of the hfs lines of the OH 18 cm transition as a function of the gas kinetic temperature,
where the H2 density, the OH column density, and the ortho-to-para ratio of H2 are assumed to be 10
3 cm−3,
3 × 1015 cm−2, and 3, respectively. Models assumed in each panel (a)–(f) are the same as those in Figure 13.
The orange areas in the panels (d)–(f) represent the region where the 1720 MHz line appears in absorption
and the other three lines show emission.
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Figure 26. Intensities of the hfs lines of the OH 18 cm transition as a function of the H2 density, where the
OH column density, the gas kinetic temperature, and the ortho-to-para ratio of H2 are assumed to be 3 ×
1015 cm−2, 20 K, and 3, respectively. Models assumed in each panel (a)–(f) are the same as those in Figure
13. The cyan area in the panel (f) represents the region where the 1720 MHz line appears in absorption.
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Figure 27. Intensities of the hfs lines of the OH 18 cm transition as a function of the H2 density. Dotted
lines represent results with the collisional rate coefficients of OH calculated by Offer et al. (1994), whereas
solid lines show those with the new rate coefficients calculated by applying M-J random method to hfs-
unresolved rates by K los et al. (2017) (solid line). Effect of the FIR radiation is not included in the left
panel, whereas FIR radiation calculated with the fiducial DustEM model (N(H)=3 × 1023 cm−2, ISRF=0.4
G0) is included in the right panel.
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Figure 28. Schematic illustration of a cylindrical model to estimate the geometrical effect of a filament
on the intensity of FIR radiation. The FIR intensity at the position P inside the filament is determined by
averaging over all directions (θ and φ). We also derived the FIR intensity along the line of sight perpendicular
to the cylinder crossing the position P , as an estimate of the observed intensity.
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Figure 29. Ratio of the FIR intensity inside the filament (Iinner(ν, r0) in Equation (C12)) to that along
the line of sight perpendicular to the filament (ILOS(ν, r0) in Equation (C13)) as a function of r0. Here the
Plummer-like density profile (Equation (C1)) with ρc=9.02×104 cm−3, rp=0.012 pc, and p=1.84, and the
cylindrical length of 2.5 pc are assumed. The FIR radiation inside the filament within 1 pc can be stronger
by a factor of three to four compared to the observed value along the line of sight.
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TMC-1FN
Herschel SPIRE 250um
Figure 30. The Herschel SPIRE 250µm map on the HCL2 region obtained from archival data with the
observation IDs of 1342202252 and 1342202253. White circle represents the observed position of TMC-1FN
in the OH 18 cm transition and its beam size. A filamentary structure observed in C18O (Figure 2) is clearly
seen in the southwestern part of TMC-1FN.
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APPENDIX
A. RESULTS OF THE NEW STATISTICAL EQUILIBRIUM CALCULATIONS WITH
VARIOUS PARAMETERS
Here, we present the results of our statistical equilibrium calculations with different OH column
densities and H2 ortho-to-para ratios (Figures 21–26). Assumptions in the calculations for panels
(a)–(f) are the same as those in Figures 13 and 16.
Figures 21 and 22 show the calculated intensities of the OH 18 cm transition as a function of the
gas kinetic temperature, where the H2 ortho-to-para ratio is assumed to be 0 and 3, respectively.
The OH column density is assumed to be 3 × 1014 cm−2. The 1720 MHz line absorption is not
reproduced with such a low OH column density, as described in Section 4.1.3. On the other hand,
the effect of the FIR radiation is seen for the gas kinetic temperature higher than 30 K, since the
intensity of the 1612 MHz line in panels (b), (c), (e), and (f) is slightly higher than that in panels
(a) and (d). The 1720 MHz line is also slightly fainter. The effect of the line overlaps is negligible
for the H2 ortho-to-para ratio of 0 (Figure 21), whereas the 1667 MHz line is slightly brighter by
considering the effect of the overlaps for the H2 ortho-to-para ratio of 3 (Figure 22).
Figures 23 and 24 show the derived intensities of the OH 18 cm transition as a function of the H2
density, where the H2 ortho-to-para ratio is assumed to be 0 and 3, respectively. Again, the 1720
MHz line absorption is not reproduced with the OH column density of 3 × 1014 cm−2, whereas the
effect of the FIR is seen for the H2 density lower than ∼102 cm−3.
Figure 25 shows the calculated intensities of the OH 18 cm transition as a function of the gas kinetic
temperature, where the H2 density, OH column density, and H2 ortho-to-para ratio are assumed to
be 103 cm−3, 3 × 1015 cm−2, and 3, respectively. The absorption feature of the 1720 MHz line is
reproduced for the gas kinetic temperature higher than about 50 K by considering the effect of the
line overlaps (Figures 25 (d)–(f)), as shown in Section 4.1.3. However, the 1665 MHz line appears
in absorption for the gas kinetic temperature higher than about 60 K, and the 1612 MHz line is too
strong compared to the 1665 MHz line for the gas kinetic temperature between 50 K and 60 K.
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Figure 26 shows the calculated intensities of the OH 18 cm transition as a function of the H2
density, where the OH column density, the gas kinetic temperature, and the H2 ortho-to-para ratio
are assumed to be 3 × 1015 cm−2, 20 K, and 3, respectively. Qualitative features of the four hyperfine
structure lines are similar to those derived for the H2 ortho-to-para ratio of 0 (Figure 13). On the
other hand, the effects of the FIR radiation and line overlaps are smaller for the H2 ortho-to-para
ratio of 3, and the H2 density required to show the 1720 MHz line absorption is lower by a factor of
∼2–3. This can be explained by more efficient collisional excitations to the first rotationally excited
state levels by collisions with ortho-H2 than para-H2, which might compensate for the FIR pumping
effect and the effect of the line overlaps.
B. EFFECTS OF UNCERTAINTIES IN THE COLLISIONAL RATE COEFFICIENTS OF OH
We employ the collisional rate coefficients of OH calculated by Offer et al. (1994) in our statistical
equilibrium calculations. Here, we assess the robustness of our calculations by conducting our cal-
culations with the hfs-resolved collisional rate coefficients, which are evaluated by applying the M-J
random method to the new hfs-unresolved rates reported by K los et al. (2017). These rate coefficients
have been provided by Dr. Franc¸ois Lique. Although they are based on the new interaction potential,
the hfs-resolved collisional rate coefficients are not considered rigorously in the M-J random method
(K los et al. 2017). Hence we have just used these rates to confirm our results in the main text.
Figure 27 shows derived intensities of the OH 18 cm transition as a function of the H2 density
with the collisional rate coefficients by Offer et al. (1994) (dotted lines) and the new rate coefficients
(solid lines). It can be seen that all the four solid lines slightly shift to the left in comparison with
the dotted lines shown in the same color. This suggests that the FIR pumping effect is slightly less
efficient with the new rate coefficients. The H2 density required to show the 1720 MHz line absorption
becomes lower by a factor of about two with the new rate coefficients (Figure 27, right). Hence, the
FIR intensity must be two times stronger in order to reproduce the 1720 MHz line absorption with
the new rate coefficients, assuming the same H2 density. Nevertheless, the new rate coefficients do
not change the qualitative features of the four hfs lines’ behavior. Furthermore, the absorption in
the 1720 MHz line can be reproduced even with the new rate coefficients. Therefore, uncertainties in
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the collisional rate coefficients of OH are considered to only have a limited effect, a factor of two at
most, on the results discussed in the Section 4. Nevertheless, we have to add a caveat that accurate
collisional rate coefficients considering the hyperfine structure are awaited for a more quantitative
analysis of the hyperfine anomaly of the OH 18 cm transition.
C. A GEOMETRICAL EFFECT OF A FILAMENTARY STRUCTURE
In this section, we considered the geometrical effect on the intensity of the FIR radiation in TMC-
1FN by taking into account the density profile and the geometry of a filamentary structure. We
assume that the filament has a cylinder shape with a radius of W and a length of 2L, as shown in
Figure 28. Its density profile is assumed to be the Plummer-like profile, which can be written as a
function of the radial distance from the central axis of the cylinder (s) (Plummer 1911):
ρ(s) =
ρc(
1 + s
2
r2p
) p
2
. (C1)
By considering a position P inside the filament in Figure 28, where the distance from the center of
the cylinder O is r0, the FIR intensity averaged over all directions (θ and φ) can be written as
Iinner(ν) = u(ν)
2
pi
∫ pi
2
0
dφ
2
pi
∫ pi
2
0
dθ
∫ R(θ,φ)
−R(θ,φ)
drρ(s(r, θ, φ)), (C2)
where u(ν) denotes the FIR intensity per hydrogen at a given frequency ν. R(θ, φ) and s(r, θ, φ) are
defined as
R(θ, φ) =


R1(θ, φ) =
√
W 2−r2
0
cos2 φ
cos θ
(0 < θ < θc(φ))
R2(θ, φ) =
L
sin θ
(θc(φ) < θ <
pi
2
)
(C3)
s2(r, θ, φ) =


s21(r, θ, φ) = s
2
0(r cos θ + r0 sinφ) (0 < θ < θc(φ))
s22(r, θ, φ) = s
2
0(r cos θ) (θc(φ) < θ <
pi
2
).
(C4)
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Here, θc(φ) and s
2
0(x) are represented as
θc(φ)=tan
−1 L√
W 2 − r20 cos2 φ
(C5)
s20(x)=
∣∣∣∣∣∣∣

 0
−r0

 + x

cosφ
sin φ


∣∣∣∣∣∣∣
2
(C6)
=x2 − 2xr0 sin φ+ r20. (C7)
We define the following functions by substituting the relations r˜0 = r0/rp, W˜ = W/rp, and L˜ = L/rp
for Equations (C3)–(C7):
R˜(θ, φ) =


R˜1(θ, φ) =
√
W˜ 2−r˜2
0
cos2 φ
cos θ
(0 < θ < θc(φ))
R˜2(θ, φ) =
L˜
sin θ
(θc(φ) < θ <
pi
2
)
(C8)
s˜20(x)=x
2 − 2xr˜0 sin φ+ r˜20 (C9)
s˜2(r, θ, φ)=


s˜21(r, θ, φ) = s˜
2
0(r cos θ + r˜0 sinφ) (0 < θ < θc(φ))
s˜22(r, θ, φ) = s˜
2
0(r cos θ) (θc(φ) < θ <
pi
2
).
(C10)
Then, Equation (C2) becomes
Iinner(ν, r0)=u(ν)
4rpρc
pi2
∫ pi
2
0
dφ
[∫ θc
0
dθ
∫ R˜1(θ,φ)
−R˜1(θ,φ)
dr˜
(
1 + s˜21(r˜, θ, φ)
)
−
p
2 (C11)
+
∫ pi
2
θc
dθ
∫ R˜2(θ,φ)
−R˜2(θ,φ)
dr˜
(
1 + s22(r˜, θ, φ)
)
−
p
2
]
. (C12)
On the other hand, the FIR intensity along the line of sight perpendicular to the cylindrical axis at
the position with the distance of r0 from the center of the cylinder is
ILOS(ν, r0)=u(ν)
∫ √W 2−r2
0
−
√
W 2−r2
0
ρ
(√
r2 + r20
)
dr. (C13)
Figure 29 shows the intensity ratio of Iinner(ν, r0) relative to ILOS(ν, r0) as a function of the dis-
tance from the center of the cylinder r0. Dependence on the FIR frequency (ν) is canceled by the
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division. Here we assume the Plummer-like profile reported by Malinen et al. (2012) (ρc=9.02×104
cm−3, rp=0.012 pc, p=1.84), which is derived from WFCAM extinction map toward the filamen-
tary structure harboring TMC-1FN. The length of the cylinder is assumed to be 2.5 pc, which is
estimated from the Herschel 250 µm map (Figure 30) observed toward HCL2 region. According to
Figure 29, the FIR intensity at TMC-1FN, which is located at ∼0.25 pc distant from the center of
the filament, is estimated to be about 4 times stronger than the observed intensity, assuming that
the filament is perpendicular to the line of sight direction. Therefore, the FIR intensity at 160µm
toward TMC-1FN is estimated to be 300-400 MJy sr−1 according to the observed value with Spitzer
(Flagey et al. 2009).
